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Abstract
The aerodynamic situation of a satellite-on-a-chip operating in low Earth orbit bears some resemblance to a classical Crookes radi-
ometer. The large area-to-mass ratio characteristic of a SpaceChip means that very small surface-dependent forces produce non-negli-
gible accelerations that can signiﬁcantly alter its orbit. When the temperature of a SpaceChip changes, the drag force can be changed: if
the temperature increases, the drag increases (and vice versa). Analytical expressions available in the literature that describe the change in
drag coeﬃcient with orbit altitude and SpaceChip temperature compare well with our direct simulation Monte Carlo results presented
here. It is demonstrated that modifying the temperature of a SpaceChip could be used for relative orbit control of individual SpaceChips
in a swarm, with a maximum change in position per orbit of 50 m being achievable at 600 km altitude.
 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
In this paper we investigate rareﬁed gas eﬀects on orbit-
ing high area-to-mass spacecraft. Recent advances in min-
iaturisation enable the fabrication of such spacecraft, with
sensing, computing and communication capabilities within
to the dimensions of a single microchip. These are so-called
“satellites-on-a-chip” or “SpaceChips” (Barnhart et al.,
2007).
Miniaturisation reduces production, launch and deploy-
ment costs, hence vast numbers of ‘smart dust’ devices can
be fabricated for use in swarm applications (Colombo and
McInnes, 2012; Colombo et al., 2013). Increased launch
opportunities and low manufacturing costs reduce the total
mission cost. For this reason SpaceChips can accept higher
risk in investigating new phenomena or exploring the harsh
space environment. Their fundamental payload and power
limitations mean that they are ideally suited for distributed
sensor networks with separations of less than one kilome-
tre. SpaceChips are cost-eﬀective and mass-producible,
and would most usefully carry out brief, but novel, distrib-
uted sensing missions in low-Earth orbit.
A high surface-area-to-mass ratio is typical of these min-
iature spacecraft. As mass scales with length as L3, while
surface area scales as L2, the eﬀective areal density scales
as L1 with diminishing spacecraft size. For high area-to-
mass spacecraft, surface perturbations, such as solar radia-
tion pressure (SRP) and atmospheric drag, are therefore no
longer negligible. For example, solar radiation pressure
was found to reduce the perigee of the ECHO balloon
satellite by 44 km in the ﬁrst 12 days of its mission (Shapiro
and Jones, 1960). Rather than being counteracted, surface
perturbations could instead be exploited to generate new
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families of highly perturbed non-Keplerian orbits and
potentially new mission applications (Colombo and McIn-
nes, 2010). The SpaceChip considered in this paper has
dimensions of 1 cm  1 cm  25 lm (Atchison and Peck,
2010), and an area-to-mass ratio of 17.39 m2/kg. Fig. 1 is
an example of how the acceleration due to atmospheric
drag changes with area-to-mass ratio of four diﬀerent
spacecraft: LAGEOS (Johnson et al., 1976), a CubeSat
(Heidt et al., 2000), ECHO (Shapiro and Jones, 1960),
and a SpaceChip (Atchison and Peck, 2010). For the
purposes of this example, it has been assumed that each
spacecraft is orbiting at 600 km, and it is clear that the
acceleration due to drag is signiﬁcantly more important
for the higher area-to-mass ratio satellites (the ECHO
balloon and a SpaceChip).
A SpaceChip is usually considered to operate isother-
mally (Barnhart et al., 2007; Atchison and Peck, 2010).
Here we assume that this is not the case; in fact, if there
is a temperature gradient across the shortest side of the
SpaceChip it may experience forces akin to those generated
in a Crookes radiometer (Crookes, 1875). Objects in the
exosphere can have a signiﬁcant temperature diﬀerence
across them: the Sun-facing side can be at a signiﬁcantly
higher temperature than the shaded side. Although Space-
Chips are thin and would reach an equilibrated tempera-
ture quickly (Barnhart et al., 2007), insulating layers and
heater plates could be implemented to maintain a temper-
ature gradient across them. Gas-molecule surface interac-
tions are highly inﬂuenced by the surface temperature,
particularly in the transition and free-molecular Knudsen
number regimes. Here we will ﬁrst investigate whether a
temperature gradient across the SpaceChip can generate
additional radiometric forces, and then we will study how
the surface temperature aﬀects the drag coeﬃcient. Since
atmospheric drag remains the most important force at
the altitudes we are most interested in, it is assumed
throughout this paper that the forces and accelerations
due to solar radiation pressure will not be modiﬁed by
any heater plates or insulating layers added. Also, the orbit
perturbation due to the Earths oblateness will be neglected
in this study, as it does not depend on the spacecraft
parameters, hence it cannot be engineered as a means of
control. This allows an investigation solely of the eﬀects
of the radiometric forces and SpaceChip temperature on
the drag coeﬃcient.
Our numerical simulations use the direct simulation
Monte Carlo (DSMC) method (Bird, 1994; Scanlon
et al., 2010) for rareﬁed gas ﬂows, and we compare our
results to various analytical expressions for the radiometric
force (Gimelshein et al., 2011b) and drag coeﬃcient (Bird,
1994; Storch, 2002), with the aim of deﬁning the ranges of
validity of these analytical expressions.
Finally, we propose that modifying the temperature
could be used as a means of precision control in the posi-
tion of diﬀerent SpaceChips in a swarm. We also investi-
gate the feasibility of surface temperature changes as
means of attitude control by exploiting moments created
by uneven surface heating.
2. Rareﬁed gas dynamics
Traditionally, in the modelling of gas ﬂows, the assump-
tion that the ﬂuid can be considered as a continuum is valid
and the usual linear constitutive relations and no-slip and
no-temperature jump boundary conditions follow (Gad-
el-Hak, 1999). However, when the gas is very rareﬁed or
if the length scales involved in the problem become very
small, the continuum assumption breaks down and some
interesting and non-intuitive eﬀects can emerge, e.g., veloc-
ity slip, temperature jump, and thermal creep. The Knud-
sen number,
Kn ¼ k
L
; ð1Þ
is a measure of the degree of rarefaction in a gas. Here the
mean free path k is the average distance a gas molecule
travels before it collides with another molecule, and L is
a characteristic length scale. As the magnitude of the
Knudsen number increases, the relative importance of gas
rarefaction eﬀects increases. The Knudsen number regimes
and the appropriate ﬂow models to be used in each of them
can be summarised as (Gad-el-Hak, 1999):
 Kn! 0: inviscid ﬂow (Euler equations);
 Kn 6 0:001: continuum regime (Navier–Stokes–Fourier
equations);
 0:001 6 Kn 6 0:1: slip regime (Navier–Stokes–Fourier;
equations with slip and jump boundary conditions);
 0:1 6 Kn 6 10: transition regime (Boltzmann equation
or particle methods);
 KnP 10: free-molecular regime (Boltzmann equation or
particle methods).
Fig. 2 is a graphical illustration of these diﬀerent
Knudsen number regimes. In the SpaceChip system we
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Fig. 1. Acceleration due to atmospheric drag against area-to-mass ratio
A=m for several diﬀerent spacecraft at 600 km altitude.
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investigate here, the mean free path will be very large, while
the characteristic length scale is 1 cm, leading to a large
Knudsen number. Therefore, our investigations are pri-
marily within the free-molecular regime, where inter-molec-
ular collisions are unlikely to occur, but gas molecule
interactions with surfaces are still important.
In the transition and free-molecular regimes the Boltz-
mann equation should be solved to provide an accurate
solution of the gas ﬂow, which, for a single species mon-
atomic gas, is:
@ nfð Þ
@t
þ nj
@ nfð Þ
@xj
þ F j @ nfð Þ
@nj
¼ J f ; f ð Þ; ð2Þ
where nf is the product of the number density and velocity
distribution function, nj and xj are the speed and position
of a molecule respectively, and F j is an external force. This
equation is diﬃcult to solve analytically and numerically
because of the non-linear form of the collision integral
J f ; f ð Þ, which is
J f ; f ð Þ ¼
Z 1
1
Z 4p
0
n2 f f 1  ff1
 
nrrcrdX nð Þ1; ð3Þ
where the superscript * represents post-collisional proper-
ties, nr is the relative velocity of the two colliding molecules,
rcr is the collision cross-section, d is the molecular diameter,
and X is the solid angle. While the Boltzmann equation
needs to be used for transition regime ﬂows, this does pres-
ent a signiﬁcant problem because inter-molecular collisions
are still important in this regime. The free-molecular regime
is less of a problem because inter-molecular collisions are
unlikely and so the collision term can be ignored.
3. Radiometric forces
A rareﬁed gas surrounding a thin plate – such as a Croo-
kes radiometer vane, or a SpaceChip – with a temperature
diﬀerence between its two largest sides results in a force
being generated that tends to move the plate in the direction
from the hot to the cold side. This radiometric force is com-
posed of three components and a recent detailed analysis of
it can be found in Gimelshein et al. (2011b), Selden et al.
(2009) and Gimelshein et al. (2011a). An example of radio-
metric forces being used for a practical purpose can be
found in Ota et al. (2007) and He et al. (2009), where remote
laser heating is used to heat a vane assembly in a rareﬁed gas
environment with application as a microactuator.
It should be noted that the ﬂow Mach numbers pro-
duced in the rareﬁed gas as a result of radiometric eﬀects
are typically very small. This presents problems for any
particle-based numerical simulation method that has to
recover macroscopic ﬁelds from a spatial and time average
of individual particle properties. Such methods include
DSMC and molecular dynamics (MD): the signal-to-noise
ratio is very low and the number of samples required to
reduce the noise is proportional to the inverse of the Mach
number squared (Hadjiconstantinou et al., 2003). Fortu-
nately, it is easier to recover ﬁelds such as forces that act
on a given geometry, as these are measured from the diﬀer-
ence in pre- and post-collision properties of the particles
that interact with a surface.
4. Numerical technique
We use the direct simulation Monte Carlo method (Bird,
1994) to obtain solutions for rareﬁed gas ﬂows in the tran-
sition and free molecular regimes. DSMC is a particle-
based stochastic method that is valid over the full Knudsen
number range. The only constraint on using DSMC is that
the gas must be dilute (i.e., the mean molecular separation
should be far greater than the molecular diameter), so that
only binary inter-molecular collisions are likely to occur.
The DSMC method decouples the particle movements
and collisions, which enables a relatively large numerical
time step size to be accessed. A single DSMC particle can
represent any number of real molecules, which dramati-
cally reduces the computational expense of a simulation.
Particle movements are handled ballistically according to
their individual velocities and the global time step, while
interactions with the boundaries and inter-particle colli-
sions are dealt with in a stochastic manner. DSMC has
emerged over the past 40 years to be the dominant numer-
ical technique for simulating rareﬁed gas ﬂows in the tran-
sition and free molecular regimes. It has been proven to
provide an exact solution to the Boltzmann equation as
the number of particles tends to inﬁnity (Wagner, 1992).
The numerical mesh for a DSMC simulation performs
two separate tasks and must take into account the size of
the mean free path. The dimensions of a cell should be smal-
ler than the mean free path; the usual recommendation is
that the cell dimensions are less than one third of the mean
free path. This is so that macroscopic gradients can be cap-
tured with suﬃcient resolution. It is also normal to split
each cell into a set of virtual sub-cells during the collision
process. Only particles within the same virtual sub-cell are
considered for collision with one another, thereby
increasing the physical realism of a simulation by
Kn = 0.0001 0.001 0.01 0.1 1 10 100
Continuum flow
Slip flow regime
Transition regime
Free molecule flow(normal density levels) (slightly rarefied)
(moderately rarefied)
(highly rarefied)
Fig. 2. Knudsen number regimes, adapted from Gad-el-Hak (1999).
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promoting nearest-neighbour collisions. Time step sizes
must be smaller than the mean collision time (the average
time a molecule takes between successive collisions), but it
is also desirable that the time step is small enough that par-
ticles are likely to spend several time steps within a single
cell, giving them ample opportunity to undergo a collision.
The DSMC solver used in our work is dsmcFoam, which
is implemented within the open-source C++ ﬂuid dynamics
toolbox OpenFOAM (www.openfoam.org). We have pre-
viously rigorously veriﬁed and validated this for a range
of benchmark cases (Scanlon et al., 2010; Arlemark et al.,
2012). The variable hard sphere (VHS) collision model
(Bird, 1983) is implemented within dsmcFoam and provides
collision cross sections that are proportional to the relative
collision energy of the particle pair being considered for
collision. It has been shown to provide values of mean free
path that are consistent with experimental and theoretical
results. The phenomenological Larsen-Borgnakke model
(Borgnakke and Larsen, 1975) is used to redistribute
energy between internal particle modes and the transla-
tional modes, and the no-time-counter (NTC) scheme
(Bird, 1994) is used when determining how many collision
pair candidates should be selected in order to obtain the
correct collision frequency rates. The validation cases con-
sidered in Scanlon et al., 2010 were typically supersonic or
hypersonic DSMC cases. The ﬂows involved with radio-
metric forces are however considerably diﬀerent from these
kinds of ﬂows and so dsmcFoam is validated here against
previous numerical work on radiometer vanes.
The chosen validation test case is a heated plate in a vac-
uum chamber, which has been investigated both experi-
mentally and numerically (Gimelshein et al., 2011b). The
gas inside the chamber is evacuated to diﬀerent pressures,
allowing a range of degrees of rarefaction to be tested.
The plate has a constant temperature gradient across its
thickness, generated by maintaining one side at 450 K
and the other at 410 K. The chosen gas for simulation is
helium, because it gives a larger force value than heavier
gases such as argon or nitrogen. The plate dimensions are
13.12 cm  3.81 cm  0.95 cm and the chamber dimen-
sions are 0.4 m  0.4 m  0.4 m. The chamber walls are
maintained at a constant 300 K throughout and the Knud-
sen numbers tested range from 0.076 to 1.143 based on the
VHS mean free path and the plate length of 3.81 cm.
Fig. 3 shows the values of the forces measured by dsmc-
Foam compared with those reported by Gimelshein et al.,
which were produced using the well known Statistical
Modeling In Low density Environment (SMILE) DSMC
code (Ivanov et al., 2006), and experimental results
(Gimelshein et al., 2011b). Excellent agreement is found
between the two independent codes, demonstrating that
dsmcFoam is capable of capturing the ﬂow phenomena
and forces associated with radiometric applications. The
dsmcFoam results also show that including the shear forces
reduces the force compared to when only the pressure com-
ponent is included.
Fig. 4 shows contours of temperature with velocity
streamlines for argon as the working gas at a Knudsen
number of 0.12, from both SMILE and dsmcFoam. Good
qualitative agreement is found: the temperature contours
are very similar, and both codes predict a large recircula-
tion region on the hot side of the vane, with a smaller recir-
culation zone immediately behind the cold side.
5. Non-isothermal SpaceChips
In this section it is considered that the larger sides of a
SpaceChip are at diﬀerent temperatures – either passively
(as a result of one side facing the Sun and the other being
in shade with an insulating layer between the two sides), or
actively controlled through a system such as a heater plate.
Alternatively, electrochromic coating could be used, but
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Fig. 3. Radiometric forces obtained experimentally and calculated by the
SMILE code, compared with those calculated using the dsmcFoam code.
Fig. 4. Contours of temperature with velocity streamlines for argon gas at
Kn = 0.12. Comparison of results from SMILE (bottom) and dsmcFoam
(top) codes.
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this will also alter the forces due to solar radiation pressure,
which may dominate in this situation. DSMC simulations
are now conducted considering a 50 K temperature diﬀer-
ence across the thickness of the SpaceChip. While this is
a very large temperature diﬀerence, the statistical nature
of the numerical technique makes it prohibitively computa-
tionally expensive to simulate ﬂows with temperature dif-
ferences of 5 K or below; however, low variance DSMC
methods (Radtke et al., 2011) could be implemented in
dsmcFoam in the future to remove this restriction. Low
Earth orbit altitudes from 75 km to 1300 km are considered
and SpaceChip ﬂows are simulated in two dimensions
using dsmcFoam. Comparison is then made with analytical
solutions for both the radiometric force and the drag coef-
ﬁcient in the free-molecular ﬂow regimes.
The case of a SpaceChip orbiting the Earth has similar-
ities to the heated plate in a vacuum chamber. The sur-
rounding gas is rareﬁed because of the extremely low gas
density in the upper reaches of the atmosphere and, as out-
lined above, a temperature gradient is present across the
25 lm thickness of the SpaceChip (Atchison and Peck,
2010). This diﬀers from previous numerical work on radi-
ometer vanes and similar geometries because the gas is
not single species and indeed even changes composition
as altitude changes. Table 1 shows the atmospheric compo-
sition variation with altitude, taken from the US Standard
Atmosphere 1976 (NASA, 1976). The surrounding gas
temperature initially decreases with altitude, but then rises
to reach 1000 K by around 250 km (NASA, 1976). A ther-
mal analysis (Atchison and Peck, 2010) of a SpaceChip
geometry found that the surface temperatures of the chip
would be well below the surrounding gas temperature at
altitudes above 150 km.
Previous numerical work has been on vanes in station-
ary gases, or exposed to only very modest velocities (Cor-
nella et al., 2010). However, the SpaceChip will be
exposed to free stream velocities of approximately
7000 m/s as it orbits the Earth. It may be expected that
the extremely low density wake produced behind a Space-
Chip will prevent a radiometric force from being produced,
but that similar rareﬁed gas physics should mean that the
drag force acting on the SpaceChip will vary with surface
temperature.
The velocity at which the SpaceChip orbits in the atmo-
sphere is
U1 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lEarth
rorbit
r
; ð4Þ
where lEarth is the gravitational parameter of the Earth, and
the orbit radius rorbit is deﬁned as REarth þ Hð Þ, where REarth
is the radius of the Earth. The velocity U1 and atmo-
spheric temperature T1 are given in Table 2 (the rotational
velocity of the atmosphere has been neglected here).
The theoretical drag forces acting on the SpaceChip at
each altitude can be calculated using the drag equation,
F drag ¼ 1
2
cDq1AU
2
1; ð5Þ
where cD is the drag coeﬃcient, q1 is the freestream atmo-
spheric density, and A is the cross-sectional area exposed to
the ﬂow; cD has initially been estimated to be 2.1 for the
SpaceChip geometry. It is usual for preliminary mission
analysis studies to consider a constant drag coeﬃcient in
the range 2.1 – 2.2 (Villamil et al., 1912). Table 2 contains
the calculated values for the drag forces.
5.1. Stationary SpaceChips
First, we consider SpaceChips that are artiﬁcially sta-
tionary with respect to the atmosphere, in order to help dis-
tinguish radiometric force eﬀects from atmospheric drag.
All of the altitudes and gas compositions given in Tables
1 and 2 are simulated in DSMC. Fig. 5 is a schematic of
the forces expected to be acting on these artiﬁcially station-
ary SpaceChips. The hot sides are considered to be at a
constant temperature of 405 K, the cold sides are constant
at 355 K and molecule-surface interactions are fully diﬀuse.
The average temperature of 380 K is consistent with that
predicted for a SpaceChip in orbit (Barnhart et al., 2007;
Atchison and Peck, 2010).
Table 3 shows the information used to determine the cell
sizes and time steps required to obtain reliable DSMC
results. In all of our simulations, the gas is simulated as a
multi-component particle mixture. The mean free path k,
mean collision time tmc and most probable thermal velocity
V mp are taken from the US Standard Atmosphere 1976
(NASA, 1976); nEqParticles is the number of real mole-
cules/atoms that each DSMC simulator particle represents.
The parameters have been chosen so that each simulation
contains the same number of DSMC particles, and that
each cell in the mesh initially contains a suﬃcient number
Table 1
Atmospheric composition at diﬀerent altitudes, H ; n is number density, i.e., the number of molecules of the indicated species per unit volume.
H (km) nO2 (m
3) nN2 (m
3) nO (m
3) nAr (m
3) nHe (m
3) nH (m
3)
75 1.522  1020 5.726  1020 – – – –
100 2.151  1018 9.210  1018 4.298  1017 9.501  1016 1.133  1014 –
200 1.918  1014 2.925  1015 4.050  1015 1.938  1012 1.310  1013 1.630  1011
400 1.252  1011 4.669  1012 9.583  1013 2.124  108 4.868  1012 8.960  1010
600 1.880  108 1.575  1010 3.707  1012 6.351  104 2.154  1012 7.231  1010
800 4.105  105 7.377  107 1.732  1011 3.027  101 1.001  1012 5.961  1010
1000 1.251  103 4.626  105 9.562  109 2.188  102 4.850  1011 4.967  1010
1300 4.084  102 1.510  105 3.122  109 7.143  103 1.583  1011 1.620  1010
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of particles to meet good DSMC practice. The measured
statistical error in each of the force results in the stationary
SpaceChip cases with a 50 K temperature diﬀerence is
approximately ±2%, which is deemed acceptable for the
current work. This statistical error was calculated as the
standard error in the instantaneous force measurements.
Fig. 6 shows the computed radiometric forces acting on
the stationary SpaceChip at diﬀerent altitudes. The solar
radiation pressure for reﬂectivity coeﬃcients cR of 1.0 and
1.8 are also shown for reference, along with the analytical
drag force using a drag coeﬃcient of 2.1. The range of appli-
cability of this drag coeﬃcientwill be tested in a later section.
Fig. 6 shows that the predicted radiometric forces are
around three to four orders of magnitude smaller than
the expected drag forces, with the radiometric force becom-
ing slightly more important as the altitude increases. The
measured forces are all very small, but so is the mass of
the SpaceChip (around 5:75 106 kg): the acceleration
due to the radiometric force at 600 km is 3:5 109 m/s2.
It is interesting to note that at this altitude the accelerations
due to drag and solar radiation pressure are expected to be
of roughly the same magnitude. At altitudes below 600 km,
atmospheric drag is the dominant force and at higher alti-
tudes, forces due to solar radiation pressure dominate.
Therefore, any rareﬁed gas eﬀects that can be taken advan-
tage of will be most eﬀective at altitudes of up to 600 km.
An analytical solution for the radiometric force in the free-
molecular regime is given in Gimelshein et al. (2011b) as:
F ¼ P
2
A
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rMT h þ 1 rMð ÞT1
T1
s

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rMT c þ 1 rMð ÞT1
T1
s !
;
ð6Þ
where P is the freestream pressure, rM is Maxwell’s accom-
modation coeﬃcient, and T h and T c are the temperature of
the hot and cold side of the radiometer vane, respectively.
Table 4 compares the forces calculated using Eq. (6) with
those obtained from our DSMC simulations. At 75 km alti-
tude, the ﬂow is clearly not free-molecular and elements of
collisional ﬂow are dominating, which Eq. (6) cannot
account for. From 100 km and up, the ﬂow can be consid-
ered close to free-molecular – demonstrated by the analyti-
cal and numerical results being in good agreement.
5.2. Orbiting SpaceChips
We now consider a SpaceChip travelling at the velocity
at which it would orbit the Earth at each altitude
Table 2
Atmospheric temperature, SpaceChip orbit velocity and analytical drag forces at diﬀerent altitudes.
H (km) T1 (K) (NASA, 1976) U1 (m/s) Analytical drag force (N)
75 208.4 7859 0.23
100 195.1 7840 3.42  103
200 854.6 7780 1.77  106
400 995.8 7670 1.70  108
600 995.9 7560 8.72  1010
800 1000 7450 6.82  1011
1000 1000 7350 1.71  1011
13000 1000 7205 6.32  1012
U
∞
x
y
z
 = 0 m/s
F
rad, area + edge Frad, shear
405 K
355 K
Fig. 5. Schematic of the forces acting on an artiﬁcially stationary
SpaceChip: F rad;areaþedge are the edge and area forces described in
Gimelshein et al. (2011b) and F rad;shear is the shear force.
Table 3
DSMC simulation parameters.
H (km) k (m) tmc (s) nEqParticles V mp (m/s)
75 2.3  103 6.0  106 1.6  109 388.7
100 1.4  101 3.7  104 1.1  107 381.4
200 2.4  102 0.3 6460.0 921.6
400 1.6  104 13.9 96.0 1148.5
600 2.8  105 208.3 5.0 1356.3
800 1.4  106 714.3 1.1 1954.3
1000 3.1  106 1333.3 0.5 2318.1
1300 1  107 3333.3 0.16 2500.0
 1 10 -16
 1 10 -14
 1 10 -12
 1 10 -10
 1 10 -8
 1 10 -6
 1 10 -4
 1 10 -2
 1 10 0
 0  200  400  600  800  1000  1200  1400
 1 10 3
 1 10 4
 1 10 5
Fo
rc
e 
m
ag
ni
tu
de
 (N
)
D
ra
g 
/ r
ad
io
m
et
ric
 fo
rc
e 
ra
tio
Altitude (km)
Radiometric force
Analytical drag force (1 cm x 1 cm)
Drag/radiometric
Solar radiation pressure, cR = 1.0 
Solar radiation pressure, cR = 1.8
.
.
.
.
.
.
.
.
.
.
.
.
Fig. 6. Variation of radiometric forces with altitude. The theoretical drag
force is shown for reference, and the ratio of the two forces has also been
plotted.
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considered, as set out in Table 2. We consider the maxi-
mum drag conﬁguration, i.e., when the SpaceChip lies per-
pendicular to the ﬂow. The stablisation of the SpaceChip at
its maximum drag conﬁguration could be achieved by
equipping the SpaceChip with a long, thin, wire antenna,
although this proposal has not yet been veriﬁed. In this
case, a near-vacuum wake will be produced immediately
downstream of the SpaceChip. It is therefore possible that
the gas ﬂow will not experience the temperature gradient
between the two faces. In order to test this, isothermal
cases are also performed where the orbiting SpaceChips
have a uniform temperature equal either to that of the
hot face or the cold face of a non-isothermal SpaceChip.
Table 5 shows the forces computed on non-isothermal
SpaceChips travelling so the gas is incident on either the
hot (see Fig. 7, left side) or cold (see Fig. 7, right side) face
of the SpaceChip, F hot and F cold respectively. The measured
statistical error for these forces is around ±0.015%, and the
diﬀerence between the two forces at each altitude is com-
fortably outside of this statistical error range (for all alti-
tudes above 75 km).
Table 6 compares the drag forces on the isothermal
SpaceChips at 800 km with those for the non-isothermal
SpaceChips at the same altitude. The temperature for each
non-isothermal case is the temperature of the side of the
SpaceChip that the gas ﬂow is incident on, while in the iso-
thermal cases the whole SpaceChip is at the stated temper-
ature. The forces are very similar and fall within the
measured statistical error of ±0.015%. Therefore, as
expected, we can say that there is no radiometric contribu-
tion to the overall force acting on a SpaceChip in orbit,
because the region immediately downstream of the Space-
Chip is eﬀectively a vacuum. The only force that needs to
be accounted for is a standard aerodynamic pressure drag
force for this maximum drag conﬁguration.
Despite there not being any substantive radiometric
force contribution, it is still evident that when the surface
temperature of the SpaceChip changes, the drag force
changes: an increase in temperature increases the drag.
Although this is not a radiometric force, it can be under-
stood through the same reasoning considered for the free-
molecular pressure force contribution to the overall radio-
metric force as described in Gimelshein et al. (2011b). At
altitudes of 100 km and above, the gaseous ﬂow is in the
free-molecular regime, so inter-molecular collisions are
not signiﬁcant. The pre-interaction momentum remains
unchanged as the surface temperature changes. When mol-
ecules collide with the surface they are reﬂected, but do not
deﬂect oncoming molecules as would happen in the transi-
tion and continuum regimes. This means that the molecule
ﬂux hitting the surface is unaﬀected by the surface temper-
ature, and so the pressure at the surface which results in the
drag force is simply related to the diﬀerence in momentum
of molecules before and after they interact with the surface.
As it has also been demonstrated that it is the tempera-
ture of the side on which the gas is incident that is impor-
tant, and not the temperature diﬀerence between the two
sides, we consider all SpaceChips to be isothermal in the
remainder of this section. The results from Table 5 can still
be used for this purpose, as the results in Table 6 demon-
strate. The diﬀerence in the drag forces on a hot (405 K)
and on a cold (355 K) SpaceChip is deﬁned as
F D ¼ F hotj j  F coldj j
2

: ð7Þ
Table 4
Force per unit pressure values, calculated from our simulations and an
independent analytical approach.
H (km) F =P sim (N/Pa) F =P analy (N/Pa) Ratio
75 1.090  106 4.444  106 0.245
100 4.569  106 4.594  106 0.995
200 2.244  106 2.195  106 1.022
400 1.958  106 2.033  106 0.963
600 1.988  106 2.029  106 0.978
800 1.978  106 2.029  106 0.975
1000 1.981  106 2.029  106 0.977
1300 2.022  106 2.029  106 0.996
Table 5
Forces obtained from DSMC simulations on orbiting SpaceChips with the
ﬂow incident on either the hot or the cold face.
H (km) F cold (N) F hot (N)
75 2.017  101 2.017  101
100 3.445  103 3.458  103
200 1.637  106 1.643  106
400 1.777  108 1.785  108
600 7.089  1010 7.128  1010
800 7.208  1011 7.258  1011
1000 2.278  1011 2.297  1011
1300 7.175  1012 7.241  1012
305 K
455 K 305 K
455 K
U
x
y
z
Fig. 7. Schematic of orbiting non-isothermal SpaceChip simulations. Left:
ﬂow incident on the hot face; right: ﬂow incident on the cold face.
Table 6
Comparison of forces in the isothermal and non-isothermal SpaceChip cases at 800 km.
Temperature (K) 355 405
Isothermal Non-isothermal Isothermal Non-isothermal
Force (N) 7.2075  1011 7.2078  1011 7.2563  1011 7.2578  1011
C. White et al. / Advances in Space Research xxx (2013) xxx–xxx 7
Please cite this article in press as: White, C., et al. Rareﬁed gas eﬀects on the aerodynamics of high area-to-mass ratio spacecraft in orbit. J. Adv.
Space Res. (2013), http://dx.doi.org/10.1016/j.asr.2013.01.002
Then the ratio of the force acting on an isothermal Space-
Chip at the average temperature F av: to F D can be used to
evaluate how much of an eﬀect changing the spacecraft’s
temperature has on the drag force.
A set of DSMC simulations at the average temperature
of 380 K were performed. Fig. 8 shows a plot of this ratio
F av:/F D varying with altitude, with F hot and F cold being
found for temperatures of 405 K and 355 K respectively.
Clearly F D increases (relative to the drag force at the
average temperature F av:) with altitude. Since the drag
force can be altered by changing the surface temperature
(provided no other parameters are altered), it is concluded
that the drag coeﬃcient is changing with the spacecraft’s
temperature.
6. Drag coeﬃcient
There are several analytical solutions available for calcu-
lating the drag coeﬃcient of a ﬂat plate in a free-molecular
ﬂow. Two diﬀerent expressions are given in Storch (2002):
one for hyperthermal ﬂow and one for non-hyperthermal
ﬂow, where a hyperthermal ﬂow is deﬁned as one in which
the thermal component of the gas molecular velocities is
negligible compared to the macroscopic velocity, i.e.,
U1  V mp. It is not always certain that the ﬂow in the cur-
rent work can be considered hyperthermal (e.g., at
1000 km, V mp=U1 ¼ 0:315) and so both forms of the ana-
lytical expression are considered here. The hyperthermal
and non-hyperthermal equations are given as
cDhyperthermal ¼ 2 rM þrM
V w
U1
sinðaÞþð22rMÞsin2ðaÞ
 
sinðaÞ;
ð8Þ
and
cDnon-hyperthermal ¼ 2rM
V w
U1
sin2ðaÞ þ 2ﬃﬃﬃ
p
p
s
ð2 rMÞ sin2ðaÞ þ r cos2ðaÞ
 	
expðs2 sin2ðaÞÞ
þ 2 ð2 rMÞ sin2ðaÞ þ 1
2s2

 
þ rM cos2ðaÞ
 
 sinðaÞerfðs sinðaÞÞ; ð9Þ
respectively, where
V w ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pkT w
2m
r
; ð10Þ
s is the molecular speed ratio, k is the Boltzmann constant,
T w is the SpaceChip temperature, m is the molecular mass,
and rM is Maxwell’s accommodation coeﬃcient.
Note that as s tends to 1, Eq. (9) reduces to Eq. (8). A
further analytical expression from Bird, 1994 is given as
cDBird ¼ 2
1 e cosð2aÞf gﬃﬃﬃ
p
p
s
exp s2 sin2ðaÞ 
þ sinðaÞ
s2
1þ 2s2 þ e 1 2s2 cosð2aÞ  	erfðs
 sinðaÞÞ þ ð1 eÞ
s
ﬃﬃﬃ
p
p
sin2ðaÞ T w
T1

 1
2
; ð11Þ
where e ¼ 1 rM .
In Fig. 9, results from Eqs. (8)–(11) are compared to the
drag coeﬃcients obtained from our DSMC simulations for
ﬂow incident on an isothermal SpaceChip with a surface
temperature of 405 K.
The three diﬀerent analytical expressions and our
DSMC solution follow the general trend of drag coeﬃcient
increasing with altitude, with the DSMC solutions within
5% of the analytical results. The DSMC results do not
match the analytical solutions at 75 km and 100 km: in Sec-
tion 5.1 it was established that the ﬂow is not free-molecu-
lar at 75 km, so this is expected. However, at 100 km the
ﬂow is free-molecular for the case of a stationary Space-
Chip, but this does not appear to be the case for an orbiting
SpaceChip. The large velocity leads to an increased density
at the forward stagnation point and this increase in density
is large enough to reduce the local mean free path, making
 200
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Fig. 8. Variation of F av:=F D with altitude.
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Fig. 9. Variation of cD with altitude, calculated using diﬀerent analytical
and DSMC solutions, for a SpaceChip temperature of 405 K.
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inter-molecular collisions important in the stagnation
region, despite them being negligible in the freestream.
All of our work has so far considered fully diﬀuse sur-
faces, but the drag coeﬃcient is expected to be highly sen-
sitive to diﬀerent values of the accommodation coeﬃcient.
For example, Table 7 shows the drag coeﬃcients obtained
using Eq. (11) for a surface temperature of 355 K, but with
diﬀerent accommodation coeﬃcients. A vacuum environ-
ment has a ‘cleaning’ eﬀect on surfaces and results in a sur-
face that is less than fully accommodating (Bird, 1994). A
real surface, for which rM < 1, may have a signiﬁcantly
greater drag coeﬃcient than a perfectly diﬀuse surface.
On the other hand, atomic oxygen adsorption on the sur-
face of a satellite may cause the accommodation coeﬃcient
to remain close to unity (Moe and Moe, 2005).
In the case of a specular reﬂection, the normal component
of the incident velocity simply changes sign. For the Space-
Chips considered here, themagnitude of the reﬂected normal
component from a diﬀuse reﬂection will (on average) be
smaller because the surface temperature T w is lower than
the free-stream temperature T1. A reduced accommodation
coeﬃcient means an increased number of specular reﬂec-
tions, and hence an increase in the drag coeﬃcient. The
SpaceChip will not equilibrate to the free stream gas temper-
ature as the power ﬂux from the incident gas molecules is
negligible compared to that from the radiation from the
sun, and so does not greatly aﬀect the radiative energy bal-
ance when calculating the SpaceChip temperature.
Determination of accommodation coeﬃcients are often
made experimentally and must take into account the sur-
face material, surface roughness and gas composition.
For example, in Graur et al., 2009 the accommodation
coeﬃcients for silicon micro-channels conveying argon
and nitrogen gas are determined by comparing experimen-
tal results for the mass ﬂow rates with analytical solutions
for Poiseuille ﬂow. Molecular dynamics simulations can
also be used to determine accommodation coeﬃcients,
but it is important to use accurate molecule-molecule and
molecule-surface interaction potentials, and this data is
not always readily available (Daun et al., 2011; Kovalev
and Yakunchikov, 2010).
The magnitude of the changes in the drag force that can
be obtained by increasing or decreasing the surface temper-
ature are relatively small, producing a diﬀerence
O(1014) N for a 25 K temperature increase or decrease.
The diﬀerence in drag force will be much smaller for smal-
ler temperature changes, but the statistical nature (and low
signal-to-noise characteristics) of DSMC makes simulating
such small temperature diﬀerences impractical. However, a
small change in drag force could be used to advantage in
missions involving swarms of SpaceChips. If a means of
controlling the temperature of individual SpaceChips can
be implemented, e.g., through an integral heater plate, it
will be possible to use this change of temperature as a con-
trol method for changing the relative positions of individ-
ual SpaceChips within a swarm. The magnitude of the
force would be predictable and repeatable and the fact that
it is extremely small would allow for precise position con-
trol of individual SpaceChips. This close control applica-
tion would be most applicable at orbit altitudes between
200 km and 600 km, where modifying the drag coeﬃcient
can have a decisive eﬀect on the overall force acting on a
SpaceChip.
Fig. 10 shows the predicted drag coeﬃcients from our
DSMC simulations alongside the analytical solutions at
600 km, as the temperature increases from around the min-
imum to the maximum predicted temperatures for a Space-
Chip (Barnhart et al., 2007; Atchison and Peck, 2010). The
DSMC results match the analytical expressions well, par-
ticularly the non-hyperthermal ﬂow solution of Eq. (9). It
is clear that it is possible to exert a small degree of control
over the drag coeﬃcient at this altitude through modifying
the surface temperature.
6.1. Position control
Assuming a SpaceChip of dimensions of 1 cm 
1 cm  25 lm with a density equal to that of silicon
(2300 kg m3), the total control acceleration available
between temperatures of 200 K and 405 K is 2.9  106
m s2. For a circular orbit at 600 km, having a period of
5820 s, the inter-spacecraft change in velocity Dv per orbit
Table 7
Drag coeﬃcients from Eq. (11) for diﬀerent surface accommodation
coeﬃcients.
H (km) cD
rM ¼ 1 rM ¼ 0:8 rM ¼ 0:5
75 2.117 2.494 3.061
100 2.119 2.496 3.062
200 2.149 2.525 3.089
400 2.181 2.554 3.113
600 2.222 2.591 3.143
800 2.346 2.704 3.242
1000 2.433 2.786 3.316
1300 2.487 2.838 3.364
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Fig. 10. Variation of cD with diﬀerent SpaceChip temperatures, at an
altitude of 600 km.
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is 0.017 m s1 and the inter-spacecraft displacement Ds per
orbit is therefore 50 m. This means that it is possible to alter
the position of a single SpaceChip with respect to another
one by up to 50 m in a single orbit by modifying the surface
temperature to increase or decrease the drag coeﬃcient.
Smaller temperature diﬀerences will lead to smaller Ds,
e.g., changing surface temperature from 300 K to 355 K
gives a control acceleration of 7.05  107 m s2 and Ds
per orbit is reduced to 12 m. This demonstrates that very
small temperature diﬀerences could be used to produce use-
ful values of Dv and Ds for performing position control.
A drag coeﬃcient of 2.1 is commonly used when per-
forming preliminary SpaceChip mission analysis but, as
we have shown, the drag coeﬃcient (considering fully dif-
fuse surfaces) can vary from around 1.9–2.5 as altitude
and SpaceChip temperature increases. When more realistic
accommodation coeﬃcients of less than 1 are considered,
the drag coeﬃcient values are even greater.
Until now, it has been considered that the SpaceChipswill
remain perfectly perpendicular to the ﬂow, and that they are
at exactly the same altitude. In reality, this is not sustainable
(e.g., due to the eﬀect of variable wind direction on drag);
therefore, a disturbance analysis is carried out. To study
the eﬀect of aerodynamic disturbances on inter-spacecraft
displacement per orbit, it is ﬁrst considered that one Space-
Chip remains at the maximum drag conﬁguration, while a
second one can have angles of attack up to ±20 from the
maximum drag conﬁguration. We then consider that two
SpaceChips with the same attitude can be at diﬀerent alti-
tudes.Note that, if we assume that the change in temperature
does not aﬀect the reﬂectivity coeﬃcient, the characteristic
acceleration due to solar radiation pressure can be consid-
ered constant in low Earth orbit at 602 and 598 km. It has
been demonstrated (Atchison and Peck, 2011), at altitudes
of around 600 km and a length scale of 1 cm, that accelera-
tions due to drag are more signiﬁcant than those due to solar
radiation pressure. In addition, it has been shown that the
accelerations due to magnetism, in the form of Lorentz
accelerations, are signiﬁcantly less important than atmo-
spheric drag accelerations at this altitude.
The distance between two SpaceChips in a distributed
sensor network is not likely to be greater than 1 km, as dis-
cussed in Section 1, so an analysis of an altitude separation
of up to 4 km is considered suﬃcient here. The drag coef-
ﬁcients for the analysis have been calculated using Eq. (11).
In order to study the eﬀect of the angle of attack a on the
inter-spacecraft displacement of two SpaceChips at diﬀer-
ent temperatures and an altitude of 600 km, the parameter
DcD is introduced:
DcD ¼ cD200 K;a¼90  cD405 K;a
 
; ð12Þ
or
DcD ¼ cD405 K;a¼90  cD200 K;a
 
; ð13Þ
when the SpaceChip at 200 K is at constant angle of attack
or the one at 405 K is at constant angle of attack,
respectively; cD200K;a¼90 and cD405K;a¼90 are the drag coeﬃcients
when the temperature is 200 K or 405 K, and the angle of
attack is constant at 90, and cD200K;a and cD405K;a are the drag
coeﬃcients for SpaceChips at temperatures of 200 K and
405 K respectively, at angle of attack a.
Fig. 11 shows the variation of DcD for diﬀerent angles of
attack, where Daj j is the diﬀerence in angle of attack
between the two SpaceChips. When the SpaceChip at
405 K has its angle of attack varied with respect to the
one at 200 K, it is clear that the change in drag coeﬃcient
decreases, hence a smaller control acceleration is available
in this situation. Until the situation where the 405 K Space-
Chip has an angle of attack of 77 or 103 (Da ¼ 13) it is
still possible to create a positive control acceleration. For
example, using Eq. (11), when both have a = 90 the
inter-spacecraft displacement in one orbit is 59 m, but
when the 405 K SpaceChip has an angle of attack of 11
this is reduced to 14 m. On the other hand, it is found that
varying the angle of attack of the SpaceChip at 200 K
always increases the control acceleration available. When
the 200 K SpaceChip has an angle of attack of 11, the
inter-spacecraft displacement in a single orbit is increased
to 100 m.
If two SpaceChips are not at the same altitude, they will
experience slightly diﬀerent forces due to the diﬀerent
atmospheric densities and orbital velocities. Here, we con-
sider an altitude of 600 ± 2 km. If the 405 K SpaceChip is
at 602 km and the 200 K one is at 598 km, the control
acceleration available is 1.58  106 m s2, which is
around half that available when both are at an altitude
of 600 km. If the 200 K SpaceChip is at 602 km and the
405 K one is at 598 km, the control acceleration is around
double that when both are at 600 km: 5.25  106 m s2.
For both attitude and altitude diﬀerences, it is clear that
the aerodynamic disturbances can enhance or restrict the
level of position control available to a SpaceChip operator.
Position control is still achievable in all but one of our
studied disturbances – it is not found when the SpaceChip
-0.1
-0.05
 0
 0.05
 0.1
 0.15
 0.2
 0  5  10  15  20
Δc
D
|Δα| (degrees)
405 K
200 K
Fig. 11. Variation of DcD with change in angle of attack Daj j at 600 km for
SpaceChips at 200 K and 405 K. The legend indicates which SpaceChip is
having its angle of attack altered.
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has a relative angle of attack Da of 13 with respect to the
200 K one which is at the maximum drag coeﬃcient.
In addition to altitude and attitude diﬀerences between
individual SpaceChips, the atmospheric conditions them-
selves are dependent on a number of factors that the US
Standard Atmosphere (NASA, 1976) model considered in
the current work does not account for. Solar activity is one
such factor, and it has been found that periods of exceptional
solar activity increase the local density and alter the atmo-
spheric composition at orbital altitudes where the drag force
is still dominant (Willis et al., 2005; Berger et al., 1998).
6.2. Attitude control
Previously it was considered that the SpaceChip temper-
ature was uniform. However, if its temperature could be
modiﬁed non-uniformly it should be possible to create a
moment around the centre of mass. This moment could
be used to change the attitude of individual SpaceChips.
A similar strategy for attitude control was proposed for
the IKAROS solar sail mission, although based in that case
on changing the reﬂectivity coeﬃcient: a solar sail was
designed with some variable reﬂectance elements loaded
near the tips of the sail membrane. By changing the reﬂec-
tivity coeﬃcient, control of the spin direction was achieved
(Kawaguchi et al., 2009). In a similar way here, a change of
drag coeﬃcient can be exploited to control the attitude of a
SpaceChip (or even a solar sail in the atmosphere) without
the use of a propellant.
In order to test if it is indeed possible to create a moment
that could be used to control the attitude of individual
SpaceChips at an altitude of interest (identiﬁed as
600 km), a SpaceChip with a non-uniform temperature is
considered: one half of the SpaceChip is maintained at
355 K, and the other half at 405 K, see Fig. 12.
We performed a two-dimensional DSMC simulation of
this geometry at 600 km, and measured the moments
around the centre of mass of the SpaceChip at steady-state.
With respect to Fig. 12, the moments considered here will
be around the z-axis. A moment of 1:78 1012 N m is
produced by the hot half of the SpaceChip, while the cold
side produces a moment of 1:77 1012 N m. The overall
moment around the centre of mass is 1 1014 N m, so
the SpaceChip will rotate slowly in an anti-clockwise direc-
tion. The moment of inertia of the SpaceChip geometry
considered here is 4.79  1011 kg m2; therefore an angular
acceleration of 1.2  102 deg s2 (2.1  104 rad s2) is
induced.
Similar to position control, disturbance torques can be
important in any spacecraft and here we perform an anal-
ysis of these disturbances. Larson and Wertz, 1999 states
the most important disturbance torques are gravity gradi-
ent, solar radiation, magnetic ﬁeld, and aerodynamic force.
The gravity gradient torque T g is calculated as (Larson and
Wertz, 1999):
T g ¼ 3lEarth
2rorbit
Ix  Izj j sin 2hð Þ; ð14Þ
where Ix and Iz are the mass moments of inertia around the
x and z axes of Fig. 12, respectively, and h is the angular
deviation from the local horizontal. The maximum gravity
gradient disturbance for the 20 angle of attack disturbance
at 600 km considered is considerably less than the control
torque available; 2.88  1017 N m, and so is not
important.
The magnetic ﬁeld torque is given by Tm ¼ DB, where D
is the residual dipole of the SpaceChip, and B is the Earth’s
local magnetic ﬁeld. We assume best and worst case
residual magnetic dipoles of 2.5  1010 A m2 and
2.5  109 A m2, respectively (Atchison and Peck, 2011).
The worst case magnetic ﬁeld at the poles for an altitude
of 600 km is 4.69  105 T, reducing to half of this in the
best case at the equator. This gives a worst case magnetic
torque of 1.17  1013 N m and a best case of
5.86  1015 N m. The magnitude of the temperature-
based control torque is slightly greater than the best case
magnetic disturbance, indicating that a small amount of
attitude control could be exercised around the equator
for this example. Nearer the poles the magnetic disturbance
torque is greater than the control torque we calculated
would be available.
The aerodynamic torque is:
T a ¼ F drag cpa  cg
 
; ð15Þ
where cpa is the centre of pressure, and cg is the centre of
gravity. The centre of pressure position with changing an-
gle of attack has been estimated using Avanzini’s law (40):
cpa ¼ L 0:2þ 0:3 sin að Þ; ð16Þ
where L is the SpaceChip length. With this estimate for the
position of cpa, and assuming that the centre of gravity is at
the geometrical centre of the SpaceChip, the magnitude of
the aerodynamic disturbance torque is found to be greater
than the control torque of 1 1014 N m once the angle of
attack is ±5 from the maximum drag conﬁguration. At
our 20 maximum disturbance, the aerodynamic torque is
much larger than the control torque; 1.2  1013 N m.
The solar radiation pressure disturbance torque is pro-
portional to the diﬀerence in position between the centre
of gravity and the centre of solar pressure. Since we are
considering that the solar radiation pressure forces and
accelerations remain constant as the temperature changes,
our centre of solar pressure will not move, and we assume
it is at the same position as the centre of gravity; hence,
355 K 405 K
U
x
y
z
Fig. 12. Schematic of SpaceChip non-uniform temperature geometry
considered for attitude control.
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there is no disturbance torque due to solar radiation pres-
sure in our current analysis.
For the large temperature diﬀerence considered in this
example, the available angular slew is only 5; smaller tem-
perature diﬀerences would create smaller control torques
and so it is found that non-uniform temperature control
is not a practical control method for SpaceChips in low
Earth orbit.
7. Conclusions
An analysis of rareﬁed gas eﬀects on the aerodynamics
of orbiting non-isothermal SpaceChips has been performed
using the DSMC computational method, and the results
have been compared where possible with analytical solu-
tions for free-molecular ﬂow.
A non-isothermal SpaceChip that is stationary with
respect to the atmosphere experiences a free-molecular
radiometric force at altitudes of 100 km and above. When
an orbiting velocity is incorporated, no evidence of radio-
metric forces was found because no molecules are able to
interact with the trailing surface of the SpaceChip as the
wake behind it is eﬀectively a vacuum.
Free-molecular analytical solutions for the drag coeﬃ-
cient are in good agreement with our numerical results for
altitudes of 200 km and above. It was found that the drag
coeﬃcient can vary from 1.9 to 2.5 for a SpaceChip temper-
ature of 405 K as the altitude increases from 75 km to
1300 km. Small changes in drag coeﬃcient with changing
surface temperature at the same altitude have also been
found. For example, at 600 km, increasing the SpaceChip
temperature from 200 K to 405 K resulted in the drag coef-
ﬁcient changing from 2.15 to 2.2. Reducing the surface
accommodation coeﬃcient in order to consider a more real-
istic surface that has been ‘cleaned’ by exposure to a vac-
uum environment led to further increases in the drag
coeﬃcient: as high as 3.36 for an accommodation coeﬃcient
of 0.5 at 1300 km. However, there is evidence to suggest that
atomic oxygen adsorption on the surface of a satellite will
keep the accommodation coeﬃcient close to unity.
At altitudes below 600 km, atmospheric drag forces have
been found to dominate in comparison to forces due to
solar radiation pressure. At altitudes of up to 600 km
advantage could be taken of changing the drag force to cre-
ate a decisive change in the overall force acting on a Space-
Chip. Although the change in force would clearly be very
small, the high area-to-mass ratio of a SpaceChip means
that the accelerations due to this change in force are rela-
tively large. This could be advantageous for precision posi-
tion control of individual SpaceChips within a swarm. At
600 km, it has been found that the position of a single
SpaceChip can be altered by up to 50 m in a single orbit
by modifying its surface temperature between the highest
and lowest predicted temperatures for a SpaceChip in orbit.
An analysis of disturbances indicated that a degree of con-
trol was available for two SpaceChips with slightly diﬀerent
attitudes and altitudes than they may have in reality.
A natural extension to the opportunity for position con-
trol would be that of attitude control by modifying the
temperature of a SpaceChip non-uniformly. It has been
demonstrated that torques could be produced in this way,
but a disturbance analysis has indicated that aerodynamic
disturbances will prevent attitude control slews of greater
than 5 at 600 km. In addition, the magnetic ﬁeld distur-
bance torque makes any attitude control unfeasible for
the SpaceChip we have considered, unless it is orbiting near
the equator. Small, more realistic, temperature diﬀerences
would also greatly decrease the available control torques.
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